Experiments with the chemically generated proton gradient, have lead to fabricate the system which emits the light, when electrically powered, owing to proton current flow. A polymeric scaffold preserves the stability of the system and, at the same time is playing a role of dopants of water, due to chemical character (acidic or basic) of side groups, which are responsible for gradient formation. The results of experiments with the chemical model of the proton gradient, the protonic p-n junction, as a light emitting diode, make a "proof of concept", which opens the way into new light generating process and new device (protonic LED), but also, to general understanding the proton gradient role in the light emission processes.
Introduction
The proton gradient can be generated chemically, as the heterogeneous protonic system analogous to the p-n junction. The electrical field distribution and the energetic barrier for charge carriers (protons) are similar to the classic electron-based LED (Fig. 1) . The protonic p-n junction (proton gradient chemically formed) mimics all properties of the electronic p-n junction, including the rectification of electrical current, and even the light emission (the electro luminescence). Here we describe experiments demonstrating the light emission from the proton gradient system, which is chemically formed as the protonic p-n junction, powered by proton flow (the electric current).
Protons are unconventional ionic charge carriers, because of their unusually high mobility in liquid water, ice and some other solids [1] [2] [3] [4] . From quantum theory point of view, protons are fermions, like electrons, and the similarity appears to be even much broader, including hydration in aqueous environment. The problem has already been discussed in our first paper published in 1984 5 , on a concept of protonic semiconductors, particularly with respect to water as an intrinsic semiconductor. Water, when doped with an acid is the protonic analogue of the n-type semiconductor (with excess of protons), while doped with a base is the analogue of the p-type semiconductor (with excess of hydroxyl groups -protonic "holes"). Further our studies led to verification and some applications of this idea, e.g. in a protonic rectifier and complex protonic systems, including nano scale protonic rectifier [5] [6] [7] [8] [9] . Up to date, a number of papers concerning protonic conductivity have been published also by other laboratories 4, [11] [12] [13] [14] . No one described the electro luminescence in such systems. However, the light emission is one of conclusions resulting from our studies.
Approach
Within this chemical model, water is doped with an acid or a base, giving protonic analogues of the ntype or p-type semiconductors, respectively [4] [5] [6] [7] [8] [9] 14 . The mechanical stability is preserved using the polymeric scaffold, which is functionalized: ion exchangers Dowex 1x4 (Dx1) and Dowex 50W (Dx50) or sulfonated cross-linked polystyrene, SPS1 and SPS2, from our laboratory. The acidic groups -SO 3 H from Dx50, SPS1 and SPS2, and the basic groups [N(CH 3 ) 3 ]
+ OH -, present in Dx1, are highly effective in modification of electrical properties of water, while protons are considered as charge carriers.
Combining the two materials of proton-donor and acceptor properties, deposited as layers between two Pt electrodes, one can form the proton gradient model (a protonic p-n junction), which demonstrates clear rectifying properties (non-symmetric electrical conductivity, Fig. 1 ) , as expected. The thickness of the layers is comparable, and amounts from 3 to 4 mm each, to show clearly tiny (~0.1 mm), well defined area of the p-n junction, where the light is generated. The layers have to be wet (or at least humid). Nothing happens when applying dry polymers. The same (no emission) takes place , when only one polymer layer (acidic or basic) is used. This results in lack of rectification properties and consequently no emission. (7 ul ) are mixed in a flask, then heated in a water bath for 3 hours (until the sample becomes solid). The polymer is ground. A mixture of sulfuric acid (VI) (25 ml, min 95% ) and 25 mg silver sulphate (VI) is heated in a flask. When the solution temperature reaches 75 ° C, the polymer is added portionwise. The mixture is additionally heated for 1 hour, and then allowed to cool. The resulting solution is poured into 6 M H 2 SO 4 , it is diluted and filtered with a double filter. The product, after washing with distilled water until a neutral pH, is obtained as a colorless gel. In a flask are mixed: styrene (8 ml) and divinylbenzene (DVB 10ul), followed by addition of 15 ml of distilled water and 2 ml of Tween 20. The flask is placed in a water bath. The mixture is stirred to obtain a stable emulsion (using mechanical stirrer at 300 r /min). Then, the initiator ( NH 4 ) 2 S 2 O 8 is dissolved in 5 ml of distilled water and the solution is added in three portions to the emulsion of monomers. The mixture is heated in a water bath for 2 h. The resulting polymer emulsion is poured onto a pan and dried at the temperature of approx. 100 ° C. A mixture of sulfuric acid (VI) (25 ml, min 95% ) and 25 mg silver sulphate (VI) is heated in a flask. When the solution temperature reaches 75 ° C, the polymer is added portionwise. The mixture is additionally heated for 1 hour, and then allowed to cool. The resulting solution is poured into 6 M H 2 SO 4 , then it is diluted and filtered with a double filter. The product, after washing with distilled water until a neutral pH, is obtained as a colorless gel. The set-up for electro luminescence studies consists of two layers: one of proton donor properties and the second of proton acceptor properties, which are placed in a glass tube (or Teflon tube), between two solid metal electrodes of the diameter 4.5 mm (symmetric, copper rods covered with platinum of 0.5 mm thickness). The thickness of the layers is comparable and amounts from 3 to 4 mm each. The diameter of working layers and Pt electrodes is of 4.5 mm. The device is protected by an open-ends glass tube of the wall thickness of 1.6 mm and the length of 19 mm. Alternatively, PTFE (Teflon) tube of the wall thickness of 1.2 mm and the length of 16 mm is also used (Fig. 1) . Teflon is able to transmit more NIR and UV light than glass, however the light scattering is very effective, influencing on propagation of the light beam generated. The beam profile is pictured directly with a digital camera. To register simultaneously the light beam and the emission spectrum, an optical fiber of spectrometer is mounted at the same side as photo camera. The distance between the sample and the aperture of optical fiber is of 2-3 cm, and the camera is located at a distance of about 20 cm. The emission spectra are registered within the UV-VIS-NIR range at a resolution of 0. (Fig. 1b) . This is not the threshold for electrical conductivity associated with splitting the water molecules, but for the light emission. 
Materials and methods
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Results and discussion
The I-V characteristic of the proton gradient model is typical for a protonic p-n junction system, with the forward current at the positive voltage on a proton-donor layer 5, 6 , e.g. Fig. 1 . Onset of emission is above the threshold voltage (15-20 V) and is associated with significant increase of the current up to 1-2 A. This is the threshold for the light emission and not the onset of the current flow. Similarly to what the electrons are doing in a classical LED, protons diffuse into the p-n junction area along the electric field applied, and emit the light due to recombination with OH -groups (protonic analogue of a "holes"). The released energy is high enough to enable emission of the light within the whole UV-VIS-NIR range. In a part it overlaps the region which is traditionally ascribed to the electron excitation. The light is generated exactly in the area of the protonic p-n junction (with the maximum proton gradient), i.e. in the middle distance between electrodes, and not at the surface of metal (Pt) electrodes (Fig. 2) .
No emission is observed when only one layer (doped with an acid or a base) is placed between Pt electrodes, at the same conditions and at the comparable current flow. The contact between metal electrodes and the polymer layer leads to formation some potential barrier, however not active in emission, while, the protonic p-n junction formed in contact of the two polymer layers emits the light very efficiently. This excludes the contribution of electrons in generation the light.
Fig. 2.
Emission from the area of protonic p-n junction (SPS1-Dx1), operating at the voltage of 20-30 V and the current of 0.3-0.5 A (low-intensity radiation is shown), is only observed at polarization of electrodes to the forward direction, as presented on the scheme (bottom; AH and B are an acid and a base, respectively). No current flows and no light is emitted when the voltage is applied in the reverse direction (compare Fig. 1B) . The quantum energy of the light generated is expected to be related to the proton energy gap, i.e. a difference between the energy of the protonic basic ("valence") band and the conduction band in water, which depends on interactions within the hydrogen bonding system. According to the classical, chemical point of view, the maximum quantum energy (the shortest wavelength) of the light generated would correspond to the recombination energy of H + and OH -. This is a relatively high value of 5.5-6 eV in liquid water, corresponding to the edge of UV absorption around 200 nm 15, 16 , and it should lead to emission at the wavelength of 200-225 nm, not observed in our experiments. Advanced theoretical calculations for liquid water give even higher value of the energy gap for electrons of 7.3 eV 17 .
The electron energy levels, corresponding to these bands, were also calculated taking into account so called electrochemical point of view, and the energy gap found was of 1.75 eV 18 , thus, the wavelength of the light emitted would be approximately of 710 nm in this case. In fact, at least in a part of experiments performed with the use of sulfonated polystyrene SPS2 as proton-donor, the near infrared radiation (NIR) is dominating, and the spectrum registered (Fig.3) corresponds to the energy gap of 1.32 eV, which is comparable. The radiation in near infrared is also demonstrated at the pictures of emission taken with a NIR camera. In the case of the system SPS2-Dowex1, the most intensive is the infrared radiation. The pictures registered by NIR sensitive camera are gray ( Fig. 3a; gray is a color of NIR pictures). This is confirmed by the UV-VIS-NIR spectrum (Fig. 3b) .
In a general case, the maximum emission is in the visible range, and the spectra are broad (roughly 400-800 nm) with the center between 550 nm and 750 nm. This is almost the white light ( Fig.  4A-C) . Interactions between photons and the organic materials (polymers SPS1, SPS2, Dx50, Dowex1 and Teflon), but also water, can lead to the Raman scattering and the other processes, including the energy exchange with so-called hot molecules (at higher oscillation state). This results in a broad emission spectrum, composed of fringes separated by the energy of molecular vibrations (Fig. 3-4 It is a general feature, observed in all cases examined.
The concentration of H+ and HO-("proton holes") in the area of protonic p-n junction is very high at the forward voltage applied (high current is observed, Fig. 1 and 2 ), thus their instant recombination is highly probable. The mechanism of fast relaxation through radiation leads to the light emission in which spectral lines (fringes) are separated owing to the energy of oscillations in water molecules and in polymers used (Fig. 3-4) . The emission at 743 nm (SPS2-Dx1, Fig. 3) , with the quantum energy of 1.67 eV, corresponds to the absorption at 739 nm in water, which is assigned to aν ν ν ν1
+ bν ν ν ν3 (a + b=4) vibrations in liquid water. Similarly, the emission at 831 nm correlates to the absorption at 836 nm, corresponding to the excitation energy of aν ν ν ν1 + ν ν ν ν2 + bν ν ν ν3 (a + b=3) in water.
The same way correlate: the emission at 672 nm, and the absorption at 660 nm, which is assigned to the energy of combination of aν ν ν ν1 + ν ν ν ν2 + bν ν ν ν3 (a + b=4) in water, etc. Here, ν ν ν ν1, ν ν ν ν2 and ν ν ν ν3 are basic vibrations of water molecule: symmetric stretching, bending and asymmetric stretching, respectively; while a and b are integers describing contribution of the particular vibration. The maximum quantum energy of photons of the light generated in all experiments (3.024 eV at 410 nm) corresponds to energy of excitations of vibrations aν ν ν ν1 + bν ν ν ν3 (a + b=8) of water molecules, and the minimum (1.305 eV at 950 nm) is related to the energy of excitations of vibrations aν ν ν ν1 + bν ν ν ν3 (a + b=3) [20] [21] [22] .
In this model, the electrical energy delivered, causes excitation of protons (the proton system) into the energy levels corresponding to overtones and combination vibrations of water molecules in the hydrogen bonding system, including the "hot bands". This energy corresponds to emission in the VIS-NIR region (Fig. 5) . The excitation energy of proton system, is comparable in a part to the energy range of excited electrons in water. The excitation of electrons in water needs much higher energy (roughly above 5 eV, also in water "doped" with an acid and a base, at a low and high pH. It is a general feature, observed in all cases examined. The spectral fringes are always linked to the molecular vibrations. Different is intensity of particular spectral components, and the spectra are centered at a different wavelength: 750 nm, 700 nm and 640 nm for SPS2-Dx1, SPS1-Dx1 and Dx50-Dx1, respectively (Fig. 3-4) . From energetic point of view, all processes are far from excitation of the electron system, within the electron energy bands in water (the energy gap above 6 eV). Instead, we have cooperative interactions in the protonic system 27 , which therefore can be efficiently excited to the energy corresponding to activation of non-linear processes (excitation of combination oscillationsovertones), leading to light emission in the range observed (VIS-NIR). The excitation and the emission take place at the edge of the VIS-NIR part of the absorption spectrum of liquid water at 500-1000 nm 28 , i.e. above the energy needed to dissociate of all hydrogen bonding systems. Excitations of protons H + , strongly interacting with water molecules, were considered as a factor responsible for the luminescence of the water ice, induced by the charged-particle bombardment 19 . Similar excited-states of hydrogen bonds take part in protection of biological systems against radiation and are considered to be essential for the existence of life 10 .
Conclusions
This "proof of concept" opens the way into new light sources (protonic LEDs) operating at a low voltage, based on new materials and processes for light generating, but also to understanding the role of proton gradients in light-generating processes.
Looking into the future, formation of protonic p-n junctions is possible in proteins 5, 14, 23 . The proton gradient formed through the membrane (e.g. mitochondrial) 26 , may mimic the typical protonic p-n junction in most properties, including controlled charge flow, but also the light emission, as we observed for this macroscopic model, where the proton gradient has been generated chemically. Thus, the process described here could lead to emission of radiation in biological systems, at the appropriate wavelength and intensity. This could be powered by the proton flow, supported by cooperative interactions in the water hydrogen bonding system, which are already observed 2, 10, 24, 25 . In biological systems, this may lead to the energy transfer and signaling through radiation 26, [30] [31] , at cellular and subcellular level.
